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Thermodynamic analysis of gate-opening carbon dioxide (CO)
adsorption behavior of metal-organic frameworks (MOFs) was
investigated using differential scanning calorimetry (DSC). Unlike
measurements under nitrogen atmosphere, obvious exothermic
and endothermic peaks were observed in DSC curves under CO,
flow. In situ heating X-ray diffraction and thermogravimetric
analyses under CO; revealed that reversible crystal structure and
weight changes occurred upon CO, adsorption/desorption. The
thermodynamic parameters of the CO, adsorption process by MOFs
were determined by DSC analysis at various CO, partial pressures.

Metal-organic frameworks (MOFs), which consist of alternating
coordination bonds of metal ions and organic ligands, can be
designed with pore structures. MOFs with pore sizes and shapes
that are appropriate for different applications can be produced by
changing the combination of metal ions and organic ligands."?
However, the robust structure of most MOFs makes it difficult to
control the movement of gas molecules in the pores during gas
adsorption and separate mixed gases efficiently. Fortunately, some
MOFs are known to change their structure in response to certain
stimuli. For example, flexible MOFs with crystalline structures that
open up at a certain atmospheric pressure and abruptly adsorb gas
molecules have been reported.>® As the pressure decreases, the
MOF structures revert to their closed forms, releasing the gas
molecules. This gas adsorption behavior, driven by crystal struc-
ture changes, is called gate-opening adsorption. The gas adsorp-
tion/desorption isotherms of gate-opening MOFs exhibit stepwise
adsorption/desorption curves, which cannot be classified by the
IUPAC classification for common porous materials.” Such behavior
can be used for the selective separation of mixed gases because
different gas molecules have different threshold pressures for the
gate opening of the MOF structure.
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Zeolitic imidazole framework-7 (ZIF-7) is a well-known MOF
that shows structural changes upon adsorption and desorption
of carbon dioxide (CO,).5™*° ZIF-7 is composed of zinc(n) ions
(zn**) and benzimidazole (BIm) and has three known crystal
polymorphs (phases I, II, and III). These polymorphs have
different coordination network structures because of their dif-
ferent bond angles of BIm with Zn>*. Phases I, II, and III of ZIF-7
have rhombohedral, triclinic, and monoclinic crystal systems,
respectively. The structure of ZIF-7 changes to phase II upon
desorption of N,N-dimethylformamide (DMF) from the pores of
the phase-I polymorph. Phase I is recovered from phase II by the
adsorption of DMF in the closed pores of phase II. These
reversible conformational changes of ZIF-7 between phases I
and II can also be induced by CO, adsorption/desorption.'*>

In CO, adsorption measurements, ZIF-7 shows a staircase
adsorption isotherm as the CO, gas pressure changes, which is
characteristic of gate-opening MOFs.**® The structural change of
ZIF-7 induced by CO, adsorption has been examined by in situ
heating powder X-ray diffraction (XRD).'*'” The CO, adsorption
process of ZIF-7 has also been measured under various pressures
using synchrotron powder XRD.'® Kamili et al.*® traced structural
changes of ZIF-7 with temperature and pressure using Raman
spectroscopy. Molecular dynamics simulations have predicted
how CO, moves through adsorption sites of ZIF-7."”'® In addition,
neutron powder diffraction has been used to identify preferential
sites of ZIF-7 for CO, adsorption.'®** Density functional theory
(DFT) was used to estimate the thermodynamic energy change
required for CO, adsorption at each location."®

Although the above studies have investigated the relation-
ship between CO, adsorption and changes in ZIF-7 crystal
structure, this relationship still has many unknown parameters.
In particular, the interplay between the CO, adsorption process,
changes in ZIF-7 structure, and adsorption energy remains
unclear. Further detailed experimental investigation of the
CO, adsorption process by ZIF-7 under atmospheric pressure
should be conducted. In this study, differential scanning calori-
metry (DSC) is performed under CO, atmosphere to evaluate the
calorimetric changes accompanying the gate-opening structural

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) XRD pattern of as-prepared ZIF-7-I (red) and simulated refer-

ence pattern of ZIF-7-1 (black, CCDC 602541). (b) CO, adsorption/
desorption isotherms of ZIF-7-1 at 27 °C.

changes of ZIF-7 during CO, adsorption/desorption. The beha-
vior of ZIF-7 during CO, adsorption/desorption under various
conditions is analyzed by DSC to thermodynamically evaluate
the adsorption mechanism. Changes in adsorption/desorption
behavior associated with structural changes are also followed by
in situ heating powder XRD and thermogravimetric analysis
(TGA) measurements. Furthermore, DSC analysis under various
CO,, partial pressures (p(CO,)) is used to evaluate the thermo-
dynamic parameters of CO, adsorption for ZIF-7.

First, the synthetic conditions for ZIF-7 were thoroughly
investigated by modifying the literature methods (see the ESI¥
for details)."® Fig. 1a shows powder XRD patterns of the ZIF-7
product (denoted hereafter as ZIF-7-1, where I indicates phase I).
The observed diffraction peaks were matched to reference peaks,
confirming that highly crystalline ZIF-7-I was obtained. Next, CO,
adsorption measurements were performed to determine the CO,
adsorption capacity of ZIF-7-1. Prior to the adsorption measure-
ments, DMF in the pores of ZIF-7-I was removed by heating at
200 °C for 20 h. TGA results confirmed the removal of DMF from
ZIF-7-1 (Fig. S1, ESIt). CO, adsorption/desorption measurements
were performed at 27 °C. The obtained ZIF-7-1 showed CO,
adsorption/desorption isotherms consistent with gate-opening
behavior (Fig. 1b), which rose sharply at a certain pressure. The
maximum CO, uptake of ZIF-7-I was 2.5 mmol g~ ', which was
almost identical to that reported in the literature.'*

To observe the calorimetric change in ZIF-7 caused by CO,
adsorption, DSC measurements were performed under CO,
flow (Fig. 2a). Before the measurement, the temperature was
increased from 25 to 200 °C at 20 K min " under a nitrogen (N,)
flow rate of 50 mL min~ ' to desorb DMF remaining in the
pores. The temperature was maintained at 200 °C for 10 min.
The temperature was then cooled from 200 to —30 °C at
2 K min~ ' and subsequently heated from —30 to 200 °C under
N, flow. No characteristic endothermic or exothermic peaks were
observed under N, atmosphere (Fig. 2a, blue). After the same
pretreatment as for the N, measurements, the gas was switched
to CO, and the same DSC cooling/heating cycle was conducted.
Under CO, atmosphere, an exothermic peak appeared around
45 °C during the cooling cycle (Fig. 2a, red). In the heating
cycle, an endothermic peak was observed around 60 °C. These
peaks were ascribed to calorimetric changes originating from
the structural changes of ZIF-7-1 associated with CO, adsorp-
tion and desorption. Next, TGA measurements were performed
under similar conditions (Fig. 2b). No weight change was
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Fig. 2 (a) DSC curves of ZIF-7-1 heated at 2 K min~* under CO (red) and
N (blue). (b) Thermogravimetric analysis of ZIF-7-1 under CO, (red) and N,
(blue).

observed under N, atmosphere (Fig. 2b, blue). Under CO,
atmosphere, weight changes attributed to CO, adsorption and
desorption were observed during the cooling and heating
processes, respectively. These weight changes occurred at tem-
peratures similar to those of the exo- and endothermic peaks in
DSC measurements (Fig. 2b, red). These results indicate that
the observed calorimetric changes in DSC measurements were
caused by the adsorption/desorption of CO, on ZIF-7-1.

The calorimetric changes of ZIF-7-I1 in CO, atmosphere were
observed repeatedly in DSC measurements (five cycles, Fig. S2,
ESIt). The peaks shifted to lower temperature and peak area
increased with rising cycle number. Similar behavior was also
observed in the TGA of ZIF-7-I in CO, (Fig. S3, ESIT). The first
cycle showed a large difference between the weight before CO,
adsorption and that after CO, desorption. As the number of
cycles increased, this weight difference became smaller. In the
first cycle, DMF and other gaseous substances remained in the
pores of ZIF-7-1. The slight peak shifts observed in DSC curve
and the increasing weight change in TGA curve during cycling
are attributed to the gradual desorption of residual solvent and
gas molecules. Judging from the negligible weight change upon
completion of the fourth and fifth desorption cycles, the
repeated weight change, which was accompanied by CO,
adsorption, was almost complete by the fifth cycle.

The exothermic peak area of the adsorption process was
calculated from DSC analysis to be —1.78 x 10 * kJ. Based on
the maximum adsorption amount in CO, adsorption/desorption
measurements (Fig. 1b) and the isosteric heat of CO, adsorption
of a typical MOF (25 kJ mol '), the theoretical adsorption heat
was estimated to be —2.69 x 10~ * kJ. Judging from the difference
between the observed exothermic heat in the DSC peak area and
the predicted exothermic heat, the reaction heat was estimated to
be +0.91 x 10~ * kJ. Since ZIF-7 undergoes a significant structural
change from close form to open form upon CO, adsorption, the

Chem. Commun., 2024, 60, 4170-4173 | 4171
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Fig. 3 In situ heating powder X-ray diffraction patterns of ZIF-7-1 under CO,
atmosphere. The reference XRD patterns of ZIF-7-1 and Il were simulated from
cif files (CCDC 602541 and 2101613). Patterns were collected during cooling
and heating in the following order: as-prepared (red), 200 °C (brown), 100 °C
(orange), 60 °C (light green), 50 °C (green), 40 °C (turquoise), 30 °C (light blue),
40 °C (blue), 50 °C (purple), 60 °C (pink), and 100 °C (light pink).

origin of the estimated endothermic heat can be attributed to the
reaction heat of the structural change. This indicates that the
calorimetric change observed in DSC curve includes both
the isosteric heat of CO, adsorption and the reaction heat due
to the structural change of ZIF-7.

In situ heating powder XRD measurements were performed
to confirm the structural changes observed in DSC measurements
(Fig. 3 and Fig. S4, ESIT). When heated to 200 °C under N, flow,
DMF in the pores of ZIF-7-I desorbed and its structure changed to
ZIF-7-11. Then, the flow gas was switched to CO, and the sample
was cooled to 30 °C. The diffraction pattern of ZIF-7-II changed to
that of ZIF-7-I at 50 °C, which is consistent with the temperature of
the exothermic peak observed in DSC measurements under CO,.
When the sample was heated to 100 °C in the second heating cycle,
CO, was completely desorbed, and the diffraction pattern indi-
cated that ZIF-7-1 converted to ZIF-7-II again. The same measure-
ments were performed under N, atmosphere (Fig. S4, ESI{). After
the same pretreatment and cooling/heating cycle, no obvious
change in the diffraction pattern of ZIF-7-II was observed, indicat-
ing that no structural changes occur under N, atmosphere. There-
fore, the in situ heating powder XRD patterns revealed that the
calorimetric and weight changes observed in DSC and TGA curves
were caused by a gate-opening CO, adsorption/desorption process
occurring in the crystalline ZIF-7 structure.

Because CO, adsorption on ZIF-7 is an equilibrium reaction,
we attempted to determine the thermodynamic parameters of
this process by changing the CO, concentration. For this
purpose, DSC measurements were performed with different
CO,:N, ratios (Fig. 4a). As a pretreatment, a series of five
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cooling/heating cycles was performed under CO,. From the
sixth cycle, the N,:CO, ratio was changed for each cycle to
decrease p(CO,). The exothermic peak caused by CO, adsorp-
tion shifted to the lower temperature side as p(CO,) decreased.
Similarly, the endothermic peak caused by CO, desorption also
shifted to a lower temperature as p(CO,) decreased. Since CO,
adsorption on ZIF-7 is less likely to occur at low CO, partial
pressures, the adsorption equilibrium temperature is expected
to change to a lower temperature. This suggests that changes in
p(CO,) directly influence the chemical equilibrium process of
gate-opening CO, adsorption by ZIF-7.

Recently, Takiishi and Fujishiro®' reported the thermody-
namic analysis of CO, adsorption by cubic perovskite-type
BaFe; ,In,O;_;s. They determined the standard reaction enthalpy
and standard reaction entropy from TGA measurements at various
p(CO,), and estimated the standard reaction Gibbs energy change
(AG°) using the obtained parameters. Takamizawa et al.>>** inves-
tigated the DSC behavior of one-dimensional coordination polymer
crystals under CO, at low temperatures (0 to —35 °C). According to
these reports, A,G° of CO, adsorption by ZIF-7-1 was estimated from
the exothermic peak temperature (7,) in a series of DSC cooling
curves at various p(CO,). Fig. 4b presents a plot of In p(CO,) against
1000/T,, which has a good linear correlation. The slope of the
regression line of this plot gave A,G° = —15.1 kJ mol . This
experimentally determined value was consistent with the theoretical
value obtained from DFT calculations in a previous study.'” Such
thermodynamic parameters are clearly associated with the struc-
tural changes of ZIF-7 upon CO, adsorption/desorption.

The calorimetric changes in DSC at various CO, partial
pressures (1.0-0.5 bar) are summarized in Table S1 (ESI}). In
the case of lower CO, partial pressure, the observed calori-
metric changes were slightly greater than that observed at
1.0 bar. As discussed above, since the calorimetric changes in
the DSC curve are considered to include the exothermic heat of
CO, adsorption and the endothermic heat of structural change,
it is expected that there is a slight difference in the degree of
structural change associated with partial CO, adsorption on the
crystal surface or in the pore at lower CO, partial pressures.

We then measured the DSC behavior of another MOF to examine
its ability to adsorb CO,. Here, we focused on ZIF-9, which is a ZIF-7
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Fig. 4 (a) DSC curves of ZIF-7-1 under ambient pressure and different
CO,/N; ratios of 1 (black), 0.9 (red), 0.8 (orange), 0.7 (yellow), 0.6 (yellow
green), 0.5 (green), 0.4 (light blue), 0.3 (blue), 0.2 (purple), 0.1 (pink), and
0.02 bar (light pink). Above 70 °C is omitted for clarity. (b) Plot of the
relationship between the CO, partial pressure and exothermic peak
temperature (T) for ZIF-7-1.
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Fig. 5 (a) CO, adsorption isotherms of ZIF-7 (red) and ZIF-9 (green). (b)
DSC curves of ZIF-7 (red) and ZIF-9 (green) heated at 2 K min~* under CO,.

analog with a similar pore structure (pore diameter (phase II, closed
state), ZIF-7: 0.29 nm, ZIF-9: 0.32 nm; pore diameter (phase I, open
state), ZIF-7 and ZIF-9: 0.37-0.42 nm)"*™" that contains cobalt(n)) ions
rather than Zn®" and also exhibits gate-opening CO, adsorption. ZIF-
9 was synthesized in a similar manner to ZIF-7 (see the ESIt for
details). Powder XRD measurements were performed, and the results
were consistent with the formation of ZIF-9 (Fig. S5, ESIt). Fig. 5a
shows a CO, adsorption/desorption isotherm of ZIF-9 along with one
of ZIF-7 for comparison. The total CO, uptake for ZIF-9 was slightly
lower than that for ZIF-7. The gate-opening CO, adsorption process
of ZIF9 was observed at a higher pressure than that of ZIF-7,
suggesting that ZIF-9 has a lower CO, adsorption ability than that
of ZIF-7. DSC measurements were performed for ZIF-9 under the
same conditions as for ZIF-7 (Fig. 5b). Exothermic/endothermic
peaks ascribed to CO, adsorption/desorption were observed for
ZIF-9. However, the exothermic peak appeared at a lower tempera-
ture than that of ZIF-7, indicating that the CO, adsorption ability was
lower for ZIF-9 than ZIF-7. Additionally, the DSC peak area for ZIF-9
(—0.71 x 10~* kJ) was smaller than that for ZIF-7 (—1.78 x 10~* K]).
This is consistent with the different CO, adsorption capacities of the
two MOFs identified in their adsorption isotherms. Furthermore,
since the estimated exothermic heat of CO, adsorption for ZIF-9
based on the adsorption isotherm is —2.00 x 10~ * kJ, the endother-
mic reaction heat due to the structural change is calculated to be
+1.29 x 10~* KJ, which value is higher than that of ZIF-7. This
indicates the intrinsic energy change in the CO,-induced structural
transition of ZIF-9 is greater than that of ZIF-7. These results reveal
that DSC under CO, is a useful thermodynamic analysis method for
exploring the CO, adsorption process of MOFs and can be used to
quantitatively evaluate various CO, adsorption materials.

In conclusion, DSC analysis of ZIF-7 under CO, atmosphere was
conducted to evaluate its gate-opening CO, adsorption behavior.
Calorimetric changes associated with the gate-opening structural
changes of ZIF-7 occurred only under CO,. In situ heating powder
XRD and TGA of ZIF-7 under CO, atmosphere revealed that
reversible weight and structural changes occurred during CO,
adsorption/desorption. The thermodynamic parameters of the
structural changes of ZIF-7 associated with CO, adsorption and
desorption were calculated by analyzing the exothermic peak in DSC
curves. The evaluation of gas adsorption capacity by DSC presented
in this study for ZIF-7 and ZIF-9 is also applicable to other MOFs.
The adsorption capacities of different types of MOFs can be
compared based on peak areas and temperatures in DSC curves
under CO, atmosphere. This means DSC is a useful thermodynamic
analysis method for evaluating the gas adsorption/desorption
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mechanisms of porous materials that undergo related structural
changes. We are currently exploring the scope of DSC analysis with
other gate-opening MOFs to better understand the thermodynamic
parameters of the structural changes in MOFs that exhibit gate-
opening gas adsorption behavior.
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